The behavior of the first hydration shell of species in solution and its relevant thermophysical properties are studied by molecular dynamics of infinitely dilute NaCl aqueous solutions at high temperature. The ion-induced effects on the water local properties are assessed in terms of the corresponding radial profiles for the local density, the local pressure, the local electric field, the local dielectric constant, and two alternative types of coordination numbers, along the near-critical reduced isotherm T r ϭ1.05 and the supercritical reduced isochore r ϭ1.5. Simulation results are discussed in the context of their usefulness in enhancing the understanding and the modeling of supercritical aqueous electrolytes.
I. INTRODUCTION
Molecular-based understanding of the behavior of aqueous electrolyte solutions has become the focus of intensive research in the physical chemistry community. [1] [2] [3] The outstanding property of water to stabilize, and consequently dissolve, ionic and polar species has typically been described in terms of ion-water interactions, ion-induced changes in water microstructure, the water's dielectric behavior, and their effects on the macroscopic properties of the solution.
1 Strong ion-ion interactions characterize the solvation process of dilute near-critical electrolyte solutions, and consequently, ion speciation becomes a relevant phenomenon. 4, 5 Thus, it appears not surprising that progress toward a predictive level of understanding of aqueous electrolyte solutions has been rather slow.
A key element in ion solvation is the solvent's ability to attenuate the long-ranged electrostatic interactions through dielectric screening. In that sense, the solvation power of a solvent can be ͑in principle͒ tailored through its dielectric constant by manipulating the solvent's state conditions. Nowhere is this behavior more dramatically manifested than in the highly compressible region of the solvent phase diagram where small isothermal pressure perturbations give rise to large density changes, and concomitantly, to large gradients in the electric field and dielectric screening.
While the above argument might describe an accurate picture for a solvent that behaves as a continuum dielectric, the specific short-ranged repulsive and dispersive ion-ion and ion-solvent interactions in real systems modify this picture substantially due to the pronounced changes in solvent properties especially in the vicinity of the charged species. Consequently, there are similar pronounced changes in the strength of the dielectric screening ͑e.g., through electrostriction and/or dielectric saturation 4, 5 ͒. More specifically, the large gradients in the electric field, which accompany the enhanced local density surrounding the ions, become the dominant factors governing the local behavior of the solvent's properties and render the picture of a continuum dielectric of little help for additional insights. 6 A great deal of effort has been focused on determining the solvation ͑hydration͒ structure of ions, i.e., the solvent structure in their vicinity, from a variety of spectroscopic techniques such as nuclear magnetic resonance ͑NMR͒, extended x-ray absorption fine structure ͑EXAFS͒, Mössbauer, infrared ͑IR͒, and Raman, 7 scattering techniques such as x rays, electron and neutron diffraction, 3, 7 electrochemical techniques, 4, 8 and simulation methods. 7 The rationale behind these studies hinges upon the idea that a realistic description of the thermophysical properties of electrolyte solutions must take into account the ion-induced local distortion of the solvent properties, i.e., it should go beyond the so-called continuum or primitive models. However, this approach also poses two challenges, that of being able to probe the properties of the solvent in the vicinity of ions, and that of subsequently making explicit contact with the resulting macroscopic properties.
From a formal viewpoint, solute solvation in a supercritical solvent can be described as a two-step process involving two rather different length scales: the insertion of a solute into the system which induces a finite density perturbation of the average local solvent density, [9] [10] [11] and its subsequent propagation across the medium a distance given by the prevailing correlation length ͑note that for the case of infinitely dilute solutions this length will diverge with the isothermal compressibility as the solvent approaches its critical point From a microscopic viewpoint, the solvation process at high temperature can be fully characterized in terms of the local-density perturbation ͑solute-induced effects 9, 10, 13 ͒, where the ͑compressibility-driven͒ propagation plays an accessory role in that the large compressibility allows tuning of the solvation power ͑large density changes͒ by small pressure changes. While the local-density perturbation is common to electrolyte and nonelectrolyte solutions, it becomes rather large for ion solvation, due to the resultant increased dipole concentration in the region of highest field strength. Typically, the perturbation process takes place within the first hydration shells, 4, 5 affecting the solvent's electric field, and consequently, its dielectric behavior. Perhaps for this reason most attention has often been focused on the behavior of the first solvation shell of species in solution, determined either by experimental or theoretical means.
As part of a broader molecular-based investigation of high-temperature ion solvation in dilute aqueous solutions, [14] [15] [16] we present here a molecular dynamics study aimed at the characterization of the local distortion of the water properties induced by a pair of ions (Na ϩ and Cl Ϫ ) at supercritical conditions in an attempt to answer some of the following questions: ͑a͒ how extensive is the structuring of the water around the ions relative to the unperturbed water, and how can this effect be assessed; ͑b͒ what impact does this structuring have on the microscopic behavior of water in the vicinity of the ions; ͑c͒ how far from the central ion is this effect felt; ͑d͒ how could we interpret these effects and make a clear connection between the microscopic changes of the water and the solvation properties of interest ͑this item will be fully developed in Part II, which deals with a statistical mechanical solvation formalism 11 ͒. In Sec. II we introduce the methodology for the determination of the local properties around each species in solution. In Sec. III we first describe the intermolecular potential models and some simulation details, then we discuss the resulting behavior of the local properties and their significance for modeling purposes. Finally in Sec. IV we summarize the main findings and their implications regarding the understanding of ion solvation and its experimental studies, setting the stage for Part II.
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II. WATER LOCAL PROPERTIES AROUND SPECIES IN SOLUTION
To characterize the water local environment around species in the infinitely dilute solution ͑i.e., Na ϩ , Cl Ϫ , and H 2 O) we determine the water properties within the ion hydration shells, and compare them with the corresponding to the average local environment around any water molecule ͑unper-turbed water͒. The calculations are made simultaneously, i.e., during the simulation of the infinitely dilute mixture. These properties include the local density ͑and the resulting coordination numbers͒, the local pressure, the local electric field, and a measure of the local dielectric permittivity. With the exception of the dielectric screening ͑for which a local quantity represents the average value of the quantity within the shell of radius r͒ by local property at a ͑bin͒ radius r ␦ we mean the average value of the property in a spherical shell of radius rϪ0.5␦рr ␦ рrϩ0.5␦ ͑with ␦→0) centered at the species under consideration, i.e., either ion or water.
Local water densities around the solutes, uw ϱ (r), are straightforwardly determined through the calculation of the ion-water and water-water pair radial distribution functions g uw ϱ (r), such that uw ϱ (r)ϭ w g uw ϱ (r), where w is the bulk water density, and u and w denote solute ͑anion or cation͒ and water species, respectively. By a straightforward integration we can also determine two types of running coordination numbers for the species in solutions, i.e.,
as the conventional total running coordination number, 1, 4 which counts the number of water ͑w͒ molecules located at a distance r from the central species ͑u͒, and
where g ww 0 (r) is the corresponding radial distribution function for the pure ͑unperturbed͒ water, and determined simultaneously with uw ϱ (r). Equation ͑2͒ defines the excess running coordination number, 13, 17 in that it measures the number of water molecules in excess to that we would find if the central species were another water molecule ͑unperturbed water or ideal solution͒; therefore, it measures the extent of the water structural perturbation induced by the presence of the solute species. The rationale and significance behind the analysis of these two types of quantities will become more obvious in the discussion of Sec. IV. In addition, note that the coordination number as known in the literature 1, 4 is given by N uw ϱ (rϭr m ) where r m denotes the location of the first minimum, i.e., the radius of the first solvation shell.
For the determination of the local pressure we apply the expression for the normal component of the Irving-Kirkwood pressure tensor ͑see the Appendix of Ref. 18 , and the Appendix of this work for details͒. At every ϳ5-10 time steps during the force calculation, the histograms for the local electric field, pressure, and density are determined simultaneously with no additional effort since all pair contributions to properties are already available. In addition, to keep the same number of samples in each species pressure histogram, the central molecule in the water pressure histogram is chosen at random over (N -2) water molecules at every accumulation step. Note, however, that in contrast to the sampling of other local properties the bin width ␦ for the pressure calculation is strictly zero since, by construction, we must deal with the spherical shell at which the normal pressure is measured ͓see Eq. ͑A2͔͒. Thus, the resulting pressure profiles are not as smooth as they are for the case of other local properties where there is an additional averaging over contributions within the bin of nonzero width.
The profile for the water dielectric permittivity ⑀(r) is estimated through the definition of a radial-dependent total dipole moment in concentric shells centered at either ion or at a randomly chosen water molecule, 19 i.e.,
where m(r ␦ ) is the dipole moment of the spherical shell of bin radius r ␦ and bin width ␦Ϸ0.025 OO such that each bin in the summation of Eq. ͑3͒ is defined by rϪ0.5␦рr ␦ рr ϩ0.5␦. For a cubic simulation cell we have that M
where M 2 is the average of the squared total dipole moment of the simulation cell, M, and the angled brackets indicate the time average from molecular dynamics. 20 For that reason, we must extend these calculations beyond the cutoff distance ͑up to rр)L/2 for a cubic cell of length L͒ by using the methodology developed by Theodorou and Suter, 21 so that the bulk dielectric constant becomes
where r→)L/2 indicates that the calculation is performed within the cubic simulation box of length L and volume L 3 , by considering the contributions of the eight corners up to the maximum radial distance of )L/2, and ⑀(r) is determined by 19 ͑ ⑀͑r͒Ϫ1͒͑2⑀ r f ϩ1͒
We must bear in mind that the dielectric permittivity is, by definition, essentially a macroscopic property which depends on the polarization of the entire system. 20 Thus, when we focus our attention on portions of the system to define a local polarization ͑in the range of a few molecular diameters away from an ion or any other species͒ we are also relaxing the original significance of the dielectric constant. In fact, what we mean by local dielectric is actually the buildup of the dielectric screening of the electric field around the species in solution induced by the solvation structure, i.e., how each concentric solvent shell contributes to the dielectric permittivity. Note that this screening phenomenon occurs even in the ''solvation'' of water by water, and suggests that the screening of the ions should be compared with that of the solvent around itself ͑unperturbed water͒ in order to assess the effect of the solvent restructuring. Note also that, as expected, when the size of the local environment becomes of the order of the entire ͑macroscopic͒ system, the dielectric screening becomes the system's dielectric constant ͓Eq. ͑4͔͒.
III. INTERMOLECULAR MODELS AND SIMULATION RESULTS
The system under investigation is an infinitely dilute NaCl aqueous solution described by the SPC model, 22 the Pettitt-Rossky model, 23 and the Fumi-Tosi model 24 to represent the water-water, the ion-water, and the ion-ion interactions, respectively. Additional details on the intermolecular models are given elsewhere. [14] [15] [16] In the present study we performed isokinetic-isochoric molecular dynamic simulations of aqueous NaCl solutions comprising 254 water molecules and the pair of ions, Na ϩ and Cl Ϫ , along the near-critical reduced isotherm T r ϭ1.05 (1.0р r р2.0) and the supercritical reduced isochore r ϭ1.5 (1.05рT r р1.4), based on the critical conditions of the SPC model. 25 The Newton-Euler equations of motion were integrated via Gear's fourth-order predictor-corrector algorithm 26 with a Gaussian thermostat, described in greater detail elsewhere. 27 Standard periodic boundary conditions were used along with the minimum image criterion, a spherical cutoff for the truncated intermolecular interactions, and a Verlet neighbor list. 28 Long-ranged Coulombic interactions were corrected by a molecular ͑center-to-center͒ and a siteto-site reaction field for the water-water and the ion-water interactions, respectively, with a dielectric constant ⑀ r f Ϸ20 ͑Ref. 29͒. ͑While the dielectric constant of SPC water varies between 5 and 12 for the state conditions of this work, the magnitude of the reaction field contribution to the energy changes only by ϳ20% as the solvent dielectric varies between 5 and 20, with negligible effect on the structural and thermodynamic properties. Thus, for consistency with our previous work, 27, 30 here we used ⑀ r f Ϸ20.) No long-range correction was introduced for the nonelectrostatic interactions.
Each run was started from a previous equilibrated one, corresponding to a different state condition. After rescaling of the center of mass velocities and positions to satisfy the new density and temperature, and a short ͑30 000 time steps͒ re-equilibration to the new state conditions, each production run comprised of 5ϫ10 5 time steps, with a time step size of 10 Ϫ3 ps, divided into 25 subruns from which the averages and standard deviations were obtained.
A. Local density
In Figs. 1 and 2 we display the behavior of the local density of water in the hydration shells of Cl Ϫ and Na ϩ in comparison to that for the hydration shell of pure water along the near-critical reduced isotherm T r ϭ1.05 ͑Fig. 1͒, and along the supercritical reduced isochore r ϭ1.5 ͓Figs. 1͑b͒ and 2͔. These pictures clearly indicate the strong structuring of water around the smaller Na ϩ within the first hydration shell compared to that of the larger Cl Ϫ . For example, at the near-critical condition ͓Fig. 1͑a͔͒ water is ϳ18 and ϳ4.4 times locally denser than its bulk around Na ϩ and Cl Ϫ , respectively. Note also that, because the local density of water in its hydration shell ͓Fig. 1͑a͔͒ is ϳ2.7 times higher than its bulk, the introduction of either ion into the water hydration shell induces an even larger increase in the solvent local densitythe result of the ion-water interactions being stronger than the corresponding water-water interactions-which locally affects other properties as we will discuss below. Similar behavior is observed along the two thermodynamic paths.
For the near-critical condition, in contrast to the other state conditions, the water local density around the ions exhibits a longer asymptotic tail due to the longer correlation length associated with the near criticality of the water as discussed previously. 13, 30 Eventually, this tail becomes long ranged as the solvent approaches its critical point ͑diverging isothermal compressibility͒.
B. Local pressure
As expected, the largest local pressure occurs in the locally densest region of the hydration shell, i.e., ϳ2.5 Å from the center of the Na ϩ , ϳ3.5 Å from the center of the Cl Ϫ , and ϳ3 Å from the center of a water molecule at all state conditions ͑Figs. 3 and 4͒. For example, the local pressure enhancement ͑with respect to that of the first solvation shell of pure water͒ is by a factor ϳ8 and ϳ3.8 around the Na ϩ and Cl Ϫ , respectively. Interestingly, pure ͑unperturbed͒ water exhibits a substantial stretching ͑negative local pressure of about 400-800 bars͒ in its first solvation shell around water ͑see Fig. 5͒ . This behavior, which is absent in a nonpolar model such as Lennard-Jones fluids, is observed in the local pressure of water clusters from ambient to high temperatures. 31 While the pressure profiles around Na ϩ , Cl Ϫ , and H 2 O asymptotically approach the bulk value, this value is not always reached at the cutoff distance ͓see, for example, Figs. 3͑b͒ and 4͑b͔͒, especially for the cases when the local virial exhibits the largest deviation from bulk. The quoted bulk pressures in the figure legends are those obtained during the simulation and are based on the total virial of the system according to the standard expression.
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C. Local electric field
Not surprisingly, the local electric field exhibits its largest strength ͑and largest gradient͒ within the first solvation shell ͑see Figs. 6-10͒, which according to Fig. 6 , becomes approximately 12 and 50 times larger around Cl Ϫ and Na ϩ , respectively, than the corresponding average value around a water molecule. Also, the location of these gradients coincides with the corresponding local density peaks ͑see Figs. 1 and 2͒.
Note that the local electric field around Na ϩ reaches a rather large magnitude in the order of ϳ1.0 V/Å. In any case, the profile of the electric field departs substantially from the monotonic predictions of the Born equation, 4 particularly with the appearance of well-defined peaks for the first and second solvation shells ͓see ͑b͒ in Figs. 6-10͔.
D. Local dielectric screening
In Figs. 11 and 12 we display the behavior of the dielectric screening buildup around either ion in comparison with that around a water molecule at state conditions corresponding to the conditions of Figs. 1 and 2, 3 and 4, and 6-10, respectively. Not surprisingly, the bulk dielectric constants according to Eq. ͑4͒ ͑see the arrows in Figs. 11 and 12͒ agree with those obtained earlier 15 within the statistical uncertainties, since at this limit, the method of evaluation of this property becomes identical to that in Ref. 15 . Note the large deviation of the water dielectric screening within either ion's hydration shell in contrast to that within the ͑unperturbed͒
FIG. 1. Comparison of local density profiles around species in solution for
an infinite dilute NaCl aqueous solution at ͑a͒ T r ϭ1.05 and r ϭ1.0 with a bulk density ϭ0.27 g/cc; ͑b͒ T r ϭ1.05 and r ϭ1.5 with a bulk density ϭ0.405 g/cc; ͑c͒ T r ϭ1.05 and r ϭ2.0 with a bulk density ϭ0.54 g/cc.
FIG. 2. Comparison of local density profiles around species in solution for
an infinite dilute NaCl aqueous solution with a bulk density ϭ0.405 g/cc at ͑a͒ T r ϭ1.2 and r ϭ1.5; ͑b͒ T r ϭ1.4 and r ϭ1.5.
water's hydration shell. This outstanding feature indicates the extent of the distortion of the water dipole-dipole correlation in the vicinity of either ion-given here by a dielectric saturation or freezing of the dipole fluctuations-in addition to the obvious local density ͑compensating͒ effect ͑see Figs. 1 and 2͒.
These simulation results clearly indicate the interplay between two opposite effects in the dielectric screening behavior of water in the vicinity of an ion. Due to the enhanced electric field around the ions, the water molecules orient accordingly and pack more densely. This has two important consequences: ͑a͒ the large local compression ͑electrostric-tion͒ induces an increase in the local dielectric screening, and renders the local solvent barely compressible, and ͑b͒ the significant degree of orientational order freezes the water dipole fluctuations and induces a dielectric saturation ͑i.e., a decrease of the local dielectric screening͒.
E. Coordination numbers
In Figs. 13-16 we compare the total with the excess ͑running͒ coordination numbers as a function of the hydration shell radius along the two supercritical thermodynamic paths. The most obvious feature seen is the difference in   FIG. 3 . Comparison of local pressure profiles around species in solution for an infinite dilute NaCl aqueous solution at ͑a͒ T r ϭ1.05 and r ϭ1.0 with a bulk pressure pϭ200Ϯ10 bar; ͑b͒ T r ϭ1.05 and r ϭ1.5 with a bulk pressure pϭ260Ϯ10 bar; ͑c͒ T r ϭ1.05 and r ϭ2.0 with a bulk pressure pϭ516Ϯ40 bar. behavior between the two types of running coordination numbers; while the total one increases monotonically with the hydration shell radius ͑asymptotically as ϳr 3 ), the excess number exhibits a well-defined extreme within the first solvation shell and a second milder extreme ͑alternatively, an inflexion point͒ corresponding to the second solvation shell. Note, however, that, while the first extreme is a ͑positive͒ maximum for Na ϩ , it is a ͑negative͒ minimum for Cl Ϫ . In order to understand the origin of the observed extrema we must analyze the location and strength of the first peak of the corresponding radial distribution functions ͑or, for that matter, in the local density counterparts, Figs. 1 and 2͒ . In fact, as a result of the molecular asymmetry between the water and the ions ͑i.e., the difference between water-water and ion-water interactions͒, Na ϩ and Cl Ϫ exhibit first coordination peaks on the left and on the right of that for water, respectively. The distinct hydration structure exhibited by cations and anions, due to not only the opposite charges ͑which induce different water configurations around the ions 15 ͒ but also the relative ionic sizes ͑excluded volumes͒ is reflected in a tighter solvation shell for the smaller Na ϩ than that for the larger Cl Ϫ . For example, the first coordination peak for the water-water interactions occurs at rϷ2.8 Å, i.e., between those for Na ϩ (rϷ2.4 Å) and Cl Ϫ (rϷ3.3 Å), and its strength is always smaller than that for the ion-water interactions, consequently, the volume integrals of (g uw ϱ (r) Ϫg ww 0 (r)) translates into the observed extrema. ͑We note also that the smaller distance of closest approach between the Na ϩ and water, compared to Cl Ϫ and water, contributes to a stronger effective electrostatic interaction in the case of the Na ϩ ion.͒ The second obvious feature in the behavior of these two running coordination numbers is their rather different dependence with state conditions. For example, along the nearcritical isotherm, Figs. 13 and 14 , the total running coordination numbers for either ion increases with the solvent density, whereas the excess running coordination number exhibits the opposite behavior. Note, however, that, along the supercritical isochore, Figs. 15 and 16 , the temperature dependence follows the same trend for either running coordination number. Within the first solvation shell, i.e., r р3.5 Å for Na ϩ and rр5.0 Å for Cl Ϫ , the coordination numbers behave as indicated in Tables I and II. This coordination behavior, the consequence of the compactness of the first hydration shells which leaves little room for any additional rearrangement or reorientation of the water around the ions and results in a virtual orientational freezing, suggests that the total coordination numbers might not be good descriptors ͑for modeling purposes͒ of the solvation behavior of species in a high-temperature ͑or highly compressible͒ solvent. Furthermore, it suggests the need for rethinking of the conventional wisdom about the link between coordination numbers and solvation behavior. 1, 4, 32 
IV. FINAL REMARKS
We have compared the behavior of water in the vicinity of either ion with that around itself ͑unperturbed water͒ in high-temperature infinitely dilute NaCl aqueous solutions along two thermodynamic paths. Our simulation results provide a rather clear picture of the pronounced distortion of the water properties relative to that of the unperturbed water around ionic species in solution, beyond the frequently studied ion-water radial pair distribution functions. At the same time, these results suggest a series of questions regarding the interpretation of the local properties, their connection to experimentally measured quantities, and their usefulness as descriptors of nonidealities for modeling purposes.
For instance, the behavior of aqueous electrolyte solutions has been typically associated with the notion of coordination and solvation numbers, 1, 5, 33 even though their precise meaning and usefulness as descriptors of ionic behavior in solution appear rather limited and sometimes controversial 1, 4, 5, 7, 33 because they depend largely on the method used for their determination. Yet, over the years coordination and solvation numbers for ions have played a significant role in theoretical discussions concerning the short-and long-range ion-solvent interactions 4, 5, 32, 34 as well as in the development of engineering correlations.
Here we must bring to the reader's attention a subtle but important distinction, i.e., while the coordination number refers to the geometric distribution of ligands ͑solvent molecules͒ around the species in question, the solvation ͑or more specifically hydration͒ number concerns the portion of the coordination molecules which actually contribute in making the local properties of a species different from that corresponding to the local properties of the unperturbed solvent. In other words, even though water at ambient conditions might exhibit a coordination number of 4 around itself, its hydration number ͑as a ''solute'' in an ideal solution͒ is zero, i.e., the solute does not perturb the ''solvent'' structure ͑unperturbed water͒. In this context, our definition of excess running coordination number appears to fit better the idea behind the solvation (hydration) number, and becomes the key for the development of a rigorous formalism for hightemperature electrolyte solutions, as we will show in Part II. 11 Due to the large electric-field gradient in the vicinity of the ions ͑Figs. 6-10͒, that results in exceptionally compact first solvation shells at high temperature ͑Figs. 1 and 2͒, the total running coordination numbers exhibit a weak dependence on state conditions, making them poor descriptors of ion solvation. For precisely the same reasons, our results ͓͑b͒ of Figs. 12-16͔ clearly indicate the failure of the Born equation in describing the electric field ͑potential and force͒ in the vicinity of an ion, i.e., within the first two solvation shells, as well as the need for a spatially dependent solvent dielectric constant. 6, [35] [36] [37] [38] This behavior points again at the need for a more appropriate way to describe the behavior of electrolyte solutions at a molecular level, a subject that is beyond the scope of the present work, but is the main goal of Part II.
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As a final note, we acknowledge that water does not behave precisely as predicted by any nonpolarizable model, 39, 40 in that water polarizability plays an important role in the solvation process, especially within the first solvation shell where the electric field around the ions exhibits the largest gradient. All models used in this investigation are nonpolarizable, i.e., polarizability effects have been taken into account partially in an effective manner, through effec- 
Thus, during the normal simulation, after determining r min and r max we proceed by evaluating Eq. ͑A10͒ for concentric shells in the range r min рrрr max that are separated by a constant radial distance ⌬Ϸ4␦.
